Highly purified fatty acid synthetases of chicken and rat livers have molecular weights of 500,000 and dissociate in solutions of low ionic strength into subunits of molecular weight 250,000 with loss of synthetase activity. The 
The palmitic acid synthesizing system isolated from Escherichia coli consists of at least six separable enzymes and a protein containing 4'-phosphopantetheine (acyl carrier protein) (1, 2) . The fatty acid synthetases (FAS) of animal tissues and yeast, however, are multienzyme complexes having molecular weights of about 500,000 and 2,300,000, respectively (3) (4) (5) (6) (7) (8) . The synthetases of animal tissues and yeast have been dissociated into inactive subunits of 250,000 daltons (4) (5) (6) (7) 9) . The enzymatic composition and the number of proteins comprising these subunits are not known. Lynen (10, 11) has proposed that the yeast complex consists of seven individual enzymes. This conclusion was based on the finding of equal amounts of seven different N-terminal amino acids and on the presence of at least six different proteins in starch gels of the urea treated enzyme. Consistent with the multiprotein complex hypothesis was the isolation of a 16,000-molecular-weight peptide containing 4'-phosphopantetheine from guanidine-HCl (Gdn. HCl)-treated synthetase (12, 13) . Similarly, the finding of five different N-terminal amino acids and eight protein bands in phenol/acetic acid/urea gels led Porter (14) to propose that the pigeon liver FAS consists of eight proteins. The multiprotein concept was further supported by the isolation of a protein of 10,000 molecular weight containing the 4'-phosphopantetheine from pigeon and dog synthetases (15) (16) (17) .
In contrast to the model of an E. coli-like system in which the individual enzymes and the acyl carrier protein are tightly held together by noncovalent interactions, Schweizer et al. (18) have proposed that the yeast complex is an aggregate of two polypeptide chains of 179,000 and 185,000 daltons. Contrary to the results of Willecke et al. (12) , Gdn-HC1 did not release a small peptide from the complex. Instead, sodium dodecyl sulfate (NaDodSO4)-gel electrophoresis of pantothenate-labeled protein indicated that the prosthetic group was associated with the 185,000 subunit.
In our laboratory we were able to separate several activities from the complex and to isolate a highly purified phosphopantetheine-containing protein only after exposure of the chicken FAS to trypsin (19) . Treatment of the complex with denaturing agents (NaDodSO4 or Gdn-HCl) yielded many peptide fragments, which led us to suspect that proteolysis of the synthetase had occurred during this treatment. Inactivation of the protease made it possible to dissociate the complex in the presence of denaturing agents into two polypeptides of equal molecular weight. In this paper we report the results of studies of the subunit size of fatty acid synthetase of animal and yeast origin using NaDodSO4-gel electrophoresis and sedimentation equilibrium analyses in Gdn* HCl.
MATERIALS AND METHODS
Enzyme Preparations. Chicken liver synthetase was prepared according to the procedure of Arslanian and Wakil (20) and had a specific activity of 1100-1500 nmol of NADPH oxidized per min/mg of protein at 250. Some preparations were purified further by a DEAE Bio-Gel A step which was carried out as follows: FAS (400 mg) which had been dialyzed overnight against a buffer containing 0.01 M potassium phosphate (pH 7.4), 10 mM 2-mercaptoethanol (HS-EtOH), 1 mM EDTA, and 10% (v/v) glycerol was applied to a DEAE BioGel A column (3.5 X 15 cm) equilibrated with the same buffer. The enzyme was eluted with a linear gradient consisting of 250 ml each of the starting buffer and a buffer containing the same components except 0.15 M phosphate was used.
[14C]Pantothenate-labeled FAS was prepared from chickens that were injected intraperitoneally with 0.5 ml of [1-14C]-pantothenate (2.0 uCi, 10.3 Ci/mol). Injections were carried out daily during the periods of starvation and refeeding (20) . The FAS from rat liver was prepared by essentially the same procedure and had a specific activity of 1000-1200 nmol/min per mg. The yeast FAS was prepared by a modification of the procedure of Lynen (18, 21) and had a specific activity of 1000-1200. A more detailed account of these procedures will be published elsewhere.
NaDodSO4-Gel Electrophoresis. HS-EtOH at a relative NaDodSO4:protein ratio of >2 and NaDodSO4 concentration of >1%. In order to achieve rapid heat inactivation of the protease in the synthetase preparations, the enzyme was placed in a boiling-water bath for 1 min within 5 sec after the addition of NaDodSO4. The volume of this solution did not exceed 0.5 ml. When larger quantities of synthetase were required, the enzyme solution and the NaDodSO4 buffer were mixed in a funnel attached to an openended glass tube (4 mm inside diameter) having a coiled portion submerged in a boiling-water bath.
Treatment of the Synthetase with Alkylating Agents. Dialyzed FAS (4.5 mg/ml) was treated with iodoacetate (10 mM), iodoacetamide (10 mM), or N-2-p-tosyl-ilysine chloromethyl ketone HCl (Tos-LysCH2CI) (1.3 mM) within 15 sec after the addition of NaDodSO4 (1.9%) to the protein. After 48 hr at 220, HS-EtOH was added to a final concentration of 1% and after an additional 48 hr of incubation, NaDodSO4-gel electrophoresis was performed.
Preparation of the Synthetases for Sedimentation Equilibrium Studies in Gdn-HCl. The chicken synthetase was subjected to NaDodSO4 and heat as described above for large quantity preparation. The protein was then dialyzed overnight against buffer A containing 1% NaDodSO4 and further dialyzed against 10 mM iodoacetamide in the same buffer for 8 hr. The iodoacetamide was removed by dialysis against 0.1 M sodium phosphate (pH 7.0), 1% NaDodSO4. The NaDodSO4 was removed by making this solution 8 M in urea and passing the resulting mixture through Dowex-1 Cl column (23) . Finally, the protein solution was made 6 M with Gdn HCl by extensive dialysis. The synthetase from yeast was subjected directly to 6 M Gdn HCl containing 0.1 M HS-EtOH. The rat enzyme was alkylated with acrylonitrile (24) in 6 M Gdn -HCl and exhaustively dialyzed against 6 M Gdn HCl.
Ultracentrifugation Studies. The sedimentation experiments were performed and the computation of molecular weight was carried out as described previously (25, 26) . The expected uncertainty of molecular weights is approximately 6% of the determined values. The absorptivity of FAS was determined by using the analytical ultracentrifuge (25) . A value of 1.15 ml/mg-cm at 280 nm was obtained at pH 8.3 with lysozyme used as a reference. The partial specific volume of FAS was taken to be 0.74 cm3/g, as computed from the amino-acid composition (27 (Fig. 1) . Electrophoresis of these preparations for 24 hr caused the protein to migrate halfway through the gels without further resolution (Fig. 1). Proteolysis of the Chicken Synthetase in NaDodSO4. In our studies of the dissociation of the FAS of chicken liver in NaDodSO4 we noted the occurrence of NaDodSO4-activated proteolysis. The extent of proteolysis was dependent upon protein concentration and time of incubation in NaDodSO4, as shown in Fig. 2 . Within 24 hr of addition of NaDodSO4 to the synthetase at a concentration of 11.5 mg/ml, the protein bands migrated near the dye front; however, at lower concentrations of synthetase peptides of various sizes were obtained. Proteolysis was not limited to synthetase proteins, since albumin underwent extensive degradation when added to synthetase treated with NaDodSO4 (Fig. 2, gels d through i) . In addition, the NaDodSO4-activated proteolysis could be detected by the method described by Mycek (28) when albumin was used as the substrate. Highly purified synthetase does not appear to undergo degradation in the native state. The FAS (11 mg/ml) that had been incubated for 24 hr in the absence of NaDodSO4 did not show any detectable degradation when analyzed by NaDodSO4-gel electrophoresis. In contrast to the chicken enzyme, the NaDodSO4-gel patterns of the highly purified rat and yeast synthetases indicated that these two preparations contain little or no protease. The absence of NaDodSO4-activated proteolysis in the yeast FAS is consistent with the results of Schweizer et al. (18) .
Partial removal of the protease from FAS was achieved by chromatographic procedures, but complete elimination of this activity could not be accomplished. However, treatment of the chicken liver FAS in NaDodSO4 with heat and the alkylating agents iodoacetic acid, iodoacetamide, and the trypsin inhibitor Tos-LysCH2Cl inactivated the protease (Fig. 3) .
Preparations treated, with these agents showed little or no (10 ,ug) were loaded on 5% NaDodSO4-gels. A myosin (canine heart), molecular weight 210,000; C albumin (dimer), molecular weight 132,000; ® f,-galactosidase (E. coli), molecular weight 130,000; o albumin, molecular weight 66,000. increase in the low-molecular-weight peptides resulting from proteolysis (Fig. 3 , compare gels a through e). Furthermore, inhibition of the protease prevented the degradation of albumin (Fig. 3, gel f) . Iodoacetamide-treated FAS did not show significant degradation upon storage at room temperature for 7 days, whereas heat treatment of the enzyme did not prevent proteolysis during this incubation period.
Since the relative mobility of the major protein band was not altered by these agents, it was concluded that these agents did not cause the protein to behave abnormally upon NaDod-S04-gel electrophoresis. This conclusion was further supported by the results obtained with the rat liver synthetase, which upon NaDodSO4-gel electrophoresis gave the same mobility whether or not it was subjected to these procedures.
Determination of the M1olecular Weight of FAS. Sedimentation equilibrium studies of the chicken enzyme (0.2 mg/ml) in phosphate buffer (0.10 M, pH 7.4) containing 1 mM EDTA and 1 mM HS-EtOH gave a molecular weight value of 480,000. Incubation of the chicken liver FAS in 5 mM Tris. glycine (pH 8.3), 1 mM EDTA, and 5 mM HS-EtOH for [4] [5] [6] hr at 50 inactivated the enzyme. Sedimentation velocity analysis showed that a peak sedimenting with a S20,uw of 13.5 was transformed to a species with a 520,,of 8.5 . Sedimentation equilibrium studies confirmed the apparent dissociation, since the molecular weight under the above condition was found to be 240,000. The subunits reassociate into the dimer in 0.05 M phosphate buffer with the regeneration of the original activity. It is of interest that the dissociated species gave the pattern shown in Fig. 3, gel g, ] pantothenate-labeled chicken FAS on Sepharose 6B. Radio-labeled synthetase (7.5 mg, specific activity 1330, radioactivity 1000 dpm/mg) was dissolved in 1.5 ml of a solution containing 0.1 M sodium phosphate (pH 7.0), 1% NaDodSO4, and 1 mM EDTA, heated, and alkylated with iodoacetamide as described in Materials and Methods. The sample was then applied to the column and fractions were analyzed for absorbance (0) and radioactivity (X). Another sample was prepared in the same manner except that the heat and alkylation steps were omitted. The sample was chromatographed on the same column after incubation for 72 hr at 220. Absorbance (0), radioactivity (A). Vo is void volume. seen in Fig. 1 , NaDodSO4-gel electrophoresis of FAS indicated the presence of one protein component comprising over 95% of the protein. The values of the relative mobilities of this component obtained from NaDodSO4-gel electrophoresis of the synthetases are shown in Fig. 4 . The molecular weights estimated from this figure are 220,000, 220,000, and 200,000 for the FAS proteins of chicken, rat, and yeast, respectively. When albumin and its aggregates corresponding to a molecular weight range of 65,000-260,000 were used as markers (29) , the estimated molecular weights for the synthetases were 10% higher than the values given above.
In addition, molecular weight determinations of the FAS by sedimentation equilibrium in Gdn HCl were carried out. Values of 240,000, 247,000, and 184,000 were obtained for the chicken, rat, and yeast synthetases, respectively. These values are in good agreement with those obtained from NaDodSO4-gel electrophoresis. No correction was made for preferential solvation that may be occurring in 6 M Gdn * HCl. This correction has not been found to exceed 15% (30) . weight of 220,000 as determined by NaDodSO4-gel electrophoresis. This result indicated that the prosthetic group 4'-phosphopantetheine is bound to the subunit, presumably by covalent linkage to a serine residue (31, 32) . Association of the [I4C]pantothenate with lower molecular weight proteins was found only in NaDodSO4-treated synthetase when the protease was not inactivated (Fig. 5) . The estimated molecular weights of these proteins were less than 65,000 and the NaDodSO4-gel pattern was similar to that shown in Fig. 2 , gel a.
The binding of acetyl and malonyl groups to the synthetases was also investigated. ['4C]acteyl-and ['4C malonyllabeled chicken FAS were prepared and subjected to NaDod-S04-gel electrophoresis. Fig. 6 shows that the radioactivity was associated only with protein of molecular weight of 220,000. When the protease was not inactivated, the FAS was degraded and numerous radiolabeled peptides were detected. HCl indicate that this subunit consists of a single polypeptide chain of 220,000 daltons. Consistent with this observation is the finding that the 4'-phosphopantetheine is covalently bound to the 220,000 subunit and that no small-molecularweight protein containing this prosthetic group could be isolated without prior proteolysis (compare Fig. 5) . Moreover, the binding of [14C]acetyl and ['4C]malonyl groups to the synthetases, presumably by acylating the transacylases, the condensing enzyme, and the pantetheine components of FAS (3, 13, 35) , followed by NaDodSO4-gel electrophoresis gave only one peak of radioactivity, corresponding to the 220,000 molecular weight species. It can be concluded from these results that the synthetase consists of two polypeptide chains of similar size. Whether these chains are identical or not remains to be determined. Similarly, the yeast FAS has been reported to reversibly dissociate into subunits of 250,000 (9) . Our studies of this enzyme in NaDodSO4 and Gdn-HCl indicated that the subunit consists of a single polypeptide chain of 185,000-200,000 molecular weight. This polypeptide binds both acetyl and malonyl groups, and according to Schweizer et al. (18) it contains the 4'-phosphopantetheine. It was further reported (18) that the yeast synthetase consists of two nonidentical subunits of molecular weights 179,000 and 185,000 based on genetic and NaDodSO4-gel electrophoresis studies. Even though our preparation of the yeast synthetase gave only one band on NaDodSO4-gel electrophoresis (Fig. 1 ), our conclusion regarding the size (about 200,000 daltons) of the subunit comprising the yeast complex is essentially the same.
Our findings and those of Schweizer (18) are in variance with the concept that the FAS of animal and yeast origin are aggregates of enzymes and acyl carrier protein held together by noncovalent interactions. The exposure of the FAS to proteolysis during the various manipulations may explain why others have been able to detect the presence of many proteins and to isolate a pantetheine-containing polypeptide of molecular weight of 10,000-16,000 (10-14, 16, 17) .
Since the synthetase catalyzes seven different reactions and five or six of the activities are present in the subunit after dissociation in low ionic strength buffers, it was concluded that the polypeptide having molecular weight of 220,000 contains multiple catalytic sites. This type of structure would provide the cell with a highly integrated and efficient system for multistep metabolic processes. Also, the synthesis and assembly of this multienzyme system is highly proficient. In the case of fatty acid synthetase, this assembly may assure the formation of palmitate and eliminate the production of short chain fatty acids. This type of organization may not be confined to fatty acid synthetase but may involve other multienzyme systems (36, 37) .
